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ATRFOILS AT HIGH SPEEDS |
B& Joseph L. Anderson

BUMMARY

Wind-tunnel tests of NACA 65(216)-420, & = 1.0, and

. 66(218)-420, a = 1.0, ailrfolls at speeds up to and slightly
above the critical are described. The test Reynolds numbers
extended from 4,000,000 to 17,000,000 for the 65-geries
airfoil and from 4,000,000 to 2%,500,000 for the 66-series.
Section coefflcients of 1ift, drag, and pltchlng-moment and
extenslve pressure-distribution da%a are presented.

The critical speed for these airfolls at their design
1ift coefficlent of 0.4 1sg shown to be about 460 milees per
hour at sea level and sbout 415 miles per hour at 25,000 feet
altitude. The 66(218)-U420 airfoil was found to be extremely
sensltive to eurface imperfections. Throughout the test
range the 65-ser1es alrfoll had no more and even less drag
than the 66-series airfoll, and the low-drag characteristics
extended over a greater range of 11ft coefflclents.

INTRODUCTION

In order to provide date on the characteristics at high
speede, tests have been made of NACA 65(216)-U20, a = 1.0,
and 66{218)-420, a = 1,0, ailrfolls of H-foot chord, and a
66(218)~-420, & = 1,0, alrfoil of 8-foot chord. The purpose
of the latter was to determine the separate effects of
Reynolds number and compressibility. The two profiles were
chosen in order to determine the effects of rather high
camber (0,4 1deal 1ift coefficlent) and large thickness
(20 percent of the chord) on the section characteristics of
low-drag alrfoils. All three were tested at apeeds up to
and slightly above the critical.




The test results for the NACA 66(218)-420 airfoil of
5-foot chord have recently been published (reference 1), but
the coefflicientes were uncorrected for tunnel-wall erreoﬁs.
The corrected results are included in the pregent report.

APPARATUS AND METHOD

The teate were conducted in the Ames 16-foot high-speed
wind tunnel, Moffett Field, Calif., This tunnel has a single
return and a cloged circular test gectlon 16 feet in diameter.

In accordance with the NACA notation, the first number in
the designating numbers of the airfolls, NACA 65(216)-420,
a =1, and 66(218)-420, a = 1, indicates that the sections
are for low-drag airfolls of the 6 family, The second numbers,
5 and 6, indicete that the region of falling pressures extends
from the leading edge to 50 and 60 percent of the chord
respectively. The numbere in the parentheses indicate %he
baslc elrfoll sections from whioch these alrfolls were derived,
The number 2 indicates that the low-drag range of the basic
airfoll is for 1lift coefficients 0,2 more or less than the
ideal., The numbers 16 and 18 indicate that the basic airfoil
sectiong are 16 and 1% percent of the chord thick, resmectively.
The number 4, following the dash, indicates the ideal 11ft
coefficient to be 0.4, the number 20 shows the thickness in
percent of chord, and a = 1 is the designation of the camber
line which gives a uniform chordwise 11ft dletribution. The
two alrfolls are thus designed to have the same working range
of 1ift coeffiolent, are cambered for the same idesl 11f¢
coefficient (O.4), have the same thickness (0.20 chord), and
are designed for uniform chordwise distribution of 1lift.

The coordinates for the airfoil seotions are given in
figures 1 and 2, These coordinates were derived from those
for symmetrical airfolls by the method explalned in refersnce 2.
All three airfolls were of constant chord. They comnletely
spanned the test seotion of the wind tunnel, as shown in figure
3, excent for clearence of one-slghth to three-sixteenths inch
at the tunnel walls.

The airfolls were made of wood mounted on welded steel
box spare. The alrfoll sedtlions stopped at the tunnel walls,
but the snars extended through the walls to the trunnions of
the belance frame, which supported the alrfolls and provided



for adjustment of the angle of attack.

" """ Thé airfolls were painted, sandpapered,-and polished so
that the surfaces were falr and true and, during the tests,
they were maintalned in this condition. The angles of attack
wore ochecked during the ‘teasts by means of torque tubes '
Tfagtened to the airfolls at mldspan and extended to reference
Tittings outside the test section of the tunnel, The torque
tubes mede 1t possibdle to determine the twist of the alrfolls
under load and to commengate for deformation so that the mid-
gpan gection was kept at the deslired angle of attacks::

In each airfoll, 2.5 feet from the midspan, there wae a
chordwise row of 37 statlio preasure orifices. The orifices, .
0,020 inch in diameter, were connected to a multiple-tube
manometer which wag photogranhed to obtaln lnstantansous and
vermenent records.

From measurements of the loss of momentum in the wake
behind the airfoils, the drag coefficlents of the airfoll
section were computed. The momentum-lose messurements were
made at the center of the span by mesang of a rake of total-
pregsure and statle-pressure tubes connected to a multiple-
tube manometer. The method of Slilverstein and Katgzoff
(reference 3), as outlined by Davis in refersnce U4, was
employed for comnuting the dreg coefflclents nresented in
this report. .

The 1ift coefficlents weres derived by integrating plots
of' the nressure distribution to obtain the coefficients of
normal force and ap»lylng the formula, given leter, for 1lift
coefflcient in terms of normal force and drag for verlous
angles of ettack. Coefficients of pitching moment were
computed by integrating the moments of the nressure as shown
by plots parallel and normal to the chord.

For a few of the tests, 1n order to determine the effect
of various surface conditions, the transition point was arbi-
trarily fixed at 10, 30, 50, or 60 percent of the chord aft
of the leeding edge on both’ the upper and lower surfaces by
1/2-inch-wide spanwise bands of No., 60 ocarborundum grains.
The effect of "etandard" roughness, es described in -
reference 5, was tested on only the NACA 65(216)-420 airfoil,
Bheets of No. 60 carborundum paper exténding around the
leading edge of the airfoil for 10.5 inches conetituted the
"standard" roughness for this test.
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GOEFFIGIENTS ARD SYMBOLS

The céefficients used in this report are as follows:

L section normel-force coefficlent !-l/c /sy - BL)d.x] _
b1 . L c .

g seotion drag coefficient _(F/c JB ~ Hy dy)
S W q

e section 11ft coefficient ! °n -c tan a.>-
: \ 508 . d

°me /s sect on pi.tching—moment coefficient

S pressure coefficient (H - DL)
P pressure coefficient (PL = E)
: . q.
R Reynoids number (-"%’-) : )
M " Mach number ( I) ‘
a

where

) , * airfeil chord '

Sy pressure coefficient,.upcer gurfaceé

By, pressure coefficlent, lower surface .

X digtance of pressure: statlon from -
leading edge measured pnrallel to
wing cnord

F - procortionality fector (rsrerence h)-

L thickness- of wing wake

H= p+(1+'n)q total pressure :in free stream

] O=vr



A=Of

q
D
(L +m)
y .
a
Py
P
v
98
a8

The
the form
locally,
Since

8 =
and

total pressure in wing wake
free-strean dyﬁamic‘pressurGM(%pVa)
free—-stream statlc pressure

the compressibility factor (reference 6)

M2 M Me Me
[(1 *r* 1ot 1600 " ®,000 T ") ]

ordinate of pressure station
measured from wing chord

angle of attack of airfoil, degrees

local static pressure on alrfoll
surface

density of alr in free streanm
veloclity of air in free stream
vigcoslty of air in free stream

velocity of sound in free stream

equation for the critical pressure coefficient of
(p, - r)/q, at which the speed of sound is reached

Por = 1'%35{[0.834 (1L + 0.20 M?)]%*°- 1}
(reference 7,.page 6, equation (6A))

=Py p+q(l +7m) -p PL - P
= = (1 +n) - (225
q

q,

Py =D . . -




then AR RCEE R S
=(1#n) ~P.-

and, therefore the value of B - at which asonic velocity is ,
reached, 1s R

scr=(1+n)-1=

e
— . -
- ~ —— - -

Of use in this renort is & theoretlioal equation for the
rate of change of nressure coefficient with Mach number.
equetion of von Kérmen's (referencé &, page zU7, equation(62))
is used, With von Kérmén'a gymbol noﬁation changed to that
used in this report; - the “equation 18 © . -

b - P, .
TOSMTE - ¥ ..o
I+ JT""H? 2
where
Py pressure coefficient at a Mach number of M
Pq -pressure coefficient. et a Mach number of zero

von Kdérmdn!s souation in terms or B 19 then

(1 - So)

.SH"" -(1'4‘11) -_..’*'
: JI - B2 +

(35
i+
GORRECTIONS FOR TUNNEL‘-'IALL-EFFECTS )

The resulte presented in this report have been corrected
for tunnel-wall effects by a method develoned at the Ames
Aeronsutical Laboratory. The following eguations give the
corrected section 11ft, drag, and moment coafflclents, angle

of atteck, Mach number and Reynolds number for these alrfolls
in teorms or uncorrected valueg of these quentitles, which are



indiceted by the subseript u.
__For the Sfroot-_nhord airfoils:

For the

oy = {1 - A [0.0282 + (2 - M;®) 0,00846 o,

1~ iy

cq = {1 -[%{*E-“E E_*Jﬁ.r%:l‘zu] o, oos%}c

ﬂ‘_u

°ng /e = [1 ~ fo, oosu67 )}’mc /eu (°—'_9_%7,5—2§ ®lu

a = ay + %8571 (o;u + L °m°/4u)

S s

M = [1+°°°3“5 (1+02Mu’)]Mu
1 - M,2

R= (1.008) R,

8-foot-chord airfoil:
1
ey = {1 - TN oeor22 ¢ (2 - 1,3 o.02165]} o1y

T - M2 1+ 0.4 K2 ]
og = |1 - (i i + — :&u’> 0.,02165 | cg,,

om /e =[ 1 -~ (0.02165) (-i-f-}—z—:) ],Gmc/4u "‘(%’-gl%‘g“;)olu



0.658
« = %*ﬁ"‘_‘%("lu+!"°ﬂc/¢u_) -

=
§

[}.+ 9i9§l§3; (1 .+ 0.2.14,2 ] My

R = (1l.022)R,

The pressure coefficlents presented herein were corrected for
tunnel-wall effects by the application of analogous equations,

RESULTS AND BYBGUSSION

The data presented fall naturslly into five sectlons.
The first three sections include the 1ift, dreg, and pltching-
moment characteristios, as well as the critical Mach numbers
of the individual alrfolls. These resulte appear 1n the
following order: FACA 6£(213)-420, 5-foot chord (figs. 4 to
10); NACA 65(218)-U20, &-foot chord figs. 11 to 17); and
NACA 65(216)-420, 5-foot chord (figs. 13 to 25). In the
fourth sectlon, comparisona of the section characteristics of
the three airfoils for various conditlons’ are shown (figs. 26
to 35). The last section contains pressure-distribution data
for the three airfolls at several angles of attack and for
Ma?h numbers including the critical Hach number (figs. 36 to
5l).

Of the NACA 6@(216)-&20 and 66(218)-420 airfoils of
b=foot chord, at O angle of attack and wlith the surface
smooth, the NACA 65(215)-420 had an equal or lower drag coef-
ficient throughout the range of Mach numbers of the tests.
Figure 26 shows that at a Kach number of 0,15 the two airfoils
had the same drag coefficient 0.0041 and at a Mach number of
0.55 the 65(216)-420 .airfoil had a drag coefficient of only
0.0043; whereas that for the 65(218)-420 airfoil was O,0049.
The rapid drag inoreases shown in figure 27 at Reynolds
numbers of aporoximetely 17,000,000 and 25,000,000 for the
5-foot-chord and 3-foot-chord alrfolls, respectively, are due
primarily to compressibillity shock rather than scale effect.

Flgure 33 shows that the minimum dreg coefficient of the
NACA 65(216)-420 alrfoil was 0.0002 lesa than for the
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66(218)-420 airfoil.. Also, the E5-geries alrfoll maintained
1ts low-dreg .eharacteristiocsg over.a range of 1lift chaefficlents
groater by 0.2 than the 66-series airfoll, . The results in
Tigure 33 are for a Mach number of 0.4} comparison of

figure 7 with Tigure 21 shows that the.65-geries airfoil had
the lower drag coefflclent for meat of-the angles of attack
snd Mach humbers indéluded in the tests.  -- .- -

~ Figure 30 shows that the NACA 66(218)-420 has a slightly
higher oritiocal Mach number (0.012).at the .design 1ift
coefficient’.of 0.4 than the NACA 65(216)-U420,  5-foot-chord
eirfoll. " The smell difference; less than 1 percent, between
the oriticel- Mach numbers of the NACA ﬁ6(218§-420, -Lfoot-
and &-foot-chord eirfoils 1es well within-the limit of
experimentel accuracy, ‘The oriticel Mach number is about
0,60 at the design-1ift coefficlent and corresponds to
460 miles per hour at sea level or 415 miles per hour at
25,000 feet altitude.

In figures 6, 13, and 20 von KArmén's theoretical
reletion (reference 8) Tfor the rate of lnoreasse of pressure
coefficlent with increase of Mach number isg shown., The
results for these three alrfoils indicate that von KdrméAn's
theory »redicts the critical spe=d of the alrfoils to be
higher theh 1t actually 1is.

For Mach numbers below the criticel, fixing the transi-
tion point resulted in sn almost constant incresse of drag
coefficlent for each airfoil and roughness condition (figs. U
5, 11, 12, 1&, and 19), excent for the roughnees at 60 percen%
of the chord.on the NACA 66(218)-420, &-foot-chord sirfoil.
With this airfoll the incresge of drag coefficlent with speed
indicated thet the trengition point was probably moving
forward (fig. 12(a)). The deta also show that for Reynolds
numbers from 22,000,000 to 28,000,000 the dreg ocoefficlent
for this condition was greater then with roughness at
30 percent of the chord. The roughness at 60 percent of
the chord may have contributed to separsation over the rear
vportion of the airfoil after the transition point moved
forwsrd,which might heave been the cause for the larger drag
coefficient.-

Compsrigon of figures 4 and.18 shows the NACA 65(216)-420
5~foot-chord esirfoll to be less affected by roughness than

- the NACA 66(218)-420. This characteristic.was brought out

very markedly during the tests. Minute imperfectlione 1in the.
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surfede ‘of the 66-series sirfoil oc~used an appreciable inorease
: vof .dreg .coefficlent (ebout 0.0005), while the E5-geries alr-
foll w58 much 1ess sensitive to surfpce imperfections,

Figure 27 showe that of the NACA 66(218)-420, 5—foot—and :
&-foot-chord. airfolle, the 5-foot-chord airfoil had A lower - .
dreg coefficient then. the 8-foot for Reynolds numbers of
12,000,000 to 17,000,000, A Reynolds number of 15,000,000
oorresuonds to = Mach number of 0,165 for the 5-foot-ohord
airfoll #néd te- 0,27° for the.&foot rirfoll. Figures 36 snd
37 show- that. at. these Mach numbers the 5-fogt-chord airfoll
has & more favorable nressure pgredient than the 8-foqt airfoll
and thereforz is more favaorable to leminar flovw over the forward
wing surface. ‘Thls steemer mressure gradient on the 5-Toot-
chord airfoll mipht have caused more extensive laminar flovw,
thus reducing tke drag coefficient in comparison to that for
the &-foot-chord ai»foll, - '.:

The MACA 65(216) k2o, Z—foot-chord airfoil at angles of
abttack of '2,1° and and for Mach numbers just
below the critical value (fig. él) is another examnle of
beneficiol. comnresaibility effécts on the drag coefficient.
For these angles of attack, the oressuras distribution over
the upper surfesce of this airfoll (figs. U8 and U9) vas
rather flat for Mech numbers un to about O.L, With the
small nressure gradient, the transition point »nrobably moved
forward with increasing speed but, st Mach numbers above
about O.4, ocompressibility mede’ the gradlent more favorable

. %o laminar flow.

. Beoauae of. the 1arge size or the’ airfoils relative to’
the .wind ‘tunnsl, the maximum normal-forece coefficlents shown
in figures 10, 17 24, 25, 2L, and 35 probeably 8o not accu--
rately renresent free—air conditions.

CONCLUSIONS |,

The results of tests presented in this report lesd to the
folloring conclusions:

1, For most of the engles of attack end Mach numbers of
these tests, the NACA 65(216)-420, H-foot-chord asirfoil has a
lower érag coeffivient than the NACA 66(218)-420 5-foot-chord
elrfoll, and the low-dreg characteristi¢s of the 65-series air-
foll extend over a greeter lift-ocoefficient range than for the

-
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66-serips airfoil, _ : .

. . 2. The NACA 66(218)Y-U20 airfoll 1g more sensitive to
minute surfacé ilmperfections than the NACA 65{216)-=k20

. airfoll,: - ~ Pee Cem T

3. The NACA 66(218)-420 airfoil has a slightly higher
ecritical Mach number (greater by 0.015) than the NACA
65(216)-420 airfoil.

4, For these airfoils, von Karmin's relation for the
rete of Aincrease of mnressure coefficlents with Mach number
leads to overoestimation of the critical speed,

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Fleld, Calif.
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Flgure 3.~An NACA 66(218)-420, 8-foot-chord airfoil
In the wind tunnel with the momentum rake in place.
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